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Study  region:  This  study  was  conducted  in  Northern  Ontario,  Canada,  in  the  middle  of the
Hudson-James  Bay.  Lowland:  one  of the  world’s  largest  wetland  complexes.
Study  focus:  Northern  latitudes  are  expected  to  be the  most  impacted  by climate  change  in
the  next  century  and  adding  to this  stressor  are increased  mineral  exploration  activities,
such  as  the De  Beers  Victor  Mine,  a large  open-pit  diamond  mine.  Because  of  the  extremely
low  relief  and  presence  of  marine  sediments,  horizontal  runoff  and  vertical  seepages  losses
are  minimal.  As  a consequence  of  this  aquifer  dewatering  must  occur  to keep  the  open-pit
mine dry.  What  is unknown  is  how  the  aquifer  dewatering  would  impact  the  water  balance
of a peatland-dominated  watershed.  This  study  examines  3 years  of aquifer  dewatering
from  2009  to 2011.
New hydrological  insights:  Deep  seepage  (groundwater  recharge)  varied  with  marine  sed-
iment  thickness  and  represented  a signiﬁcant  loss  to  the  local  system.  Large  downward
ﬂuxes  were  also  measured  in fen  systems  that  are  typically  local  discharge  zones.  Evap-
oration rates  were  also  found  to  be lower  in  the  bogs  and  fens  and where  impacted  by
lower water  tables.  When  evaluating  the  water  balance,  with  only  14.5%  of the  watershed
impacted  by the mine,  the  hydrological  function  of  the  entire  watershed  is more  driven  by
seasonal  climate  variations  than  mine  dewatering.
©  2015  The  Authors.  Published  by  Elsevier  B.V.  This  is an  open  access  article  under  the  CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
The Hudson and James Bay Lowlands comprise the second largest peatland complex in the world and represent a signiﬁ-
cant contribution of the fresh water to the brackish James Bay (Rouse et al., 1992). These peatlands develop as a result of low
topographic relief and a cool, moist subarctic climate. In the James Bay Lowland, ∼85% of the area is covered by peatlands,
with the remaining area consisting of mineral soil or ﬂuvial systems (Glaser et al., 2004a). This area is underlain by a deposit
of ﬁne-grained marine sediments with low hydraulic conductivity (Glaser et al., 2004a), which along with the very low relief
restricts drainage, thus contributing to high water tables and peat development. The peatlands of the James Bay Lowland
sequester more than 12 million tons of carbon dioxide each year (MNR, 2012), making this landscape very important to the
global carbon balance. Consequently, ongoing changes in global and regional processes (e.g., climate change) and local devel-
opment (e.g., mining, transportation and infrastructure) and how they will affect the hydrology of this region is important
to understand to create sound management and regulatory frameworks.
∗ Corresponding author. Present address: Dept. of Geography, Brandon University, 270 18th Street, Brandon, Manitoba, Canada R7A 6A9.
E-mail  addresses: melisleclair@gmail.com (M.  Leclair), whittingtonp@brandonu.ca (P. Whittington), jsprice@uwaterloo.ca (J. Price).
http://dx.doi.org/10.1016/j.ejrh.2015.10.006
2214-5818/© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Recent discovery of diamondiferous kimberlite deposits in the James Bay Lowland has prompted the development of
he De Beers Canada Victor Diamond Mine. Pumping of dewatering wells surrounding the mine pit is required to maintain
he dry conditions within the open pit for safe and efﬁcient mining operations, which began in early 2007. This pumping is
epressurizing the permeable Silurian aquifer that underlies the surrounding peatlands, increasing the percolation rate and
ausing their partial and spatially variable desiccation (Whittington and Price, 2013). What is currently unknown is how
he depressurization of this system affects the hydrology and water balance of the peatlands, which overlie the bedrock and
lacio-marine deposits, particularly the differential sensitivity of bogs and fens (the two  dominant peatland types).
Mine pumping has resulted in a cone of depression in the limestone bedrock underlying the marine surﬁcial deposits and
eatlands. As of August 2011 the cone of depression, deﬁned here as the 0.5 m head drawdown in the upper Attawapiskat
edrock formation, extends ∼6 km (see Section 2) from the mine pit (AMEC, 2012), and encroaches on a series of small
atersheds that may  be impacted by increased seepage losses caused by the changing hydraulic gradients. While pre-
ining percolation losses were estimated at 2.6–26 mm year−1 (HCI, 2004b), the increase in head gradient caused by deep
quifer depressurization has resulted in vertical losses of 1–4 mm day−1 in the regions that have smaller vertical depth to
edrock (Whittington and Price, 2013). The spatial pattern of enhanced recharge is not uniform; the thickness and hydraulic
onductivity of the overlying marine sediments (Whittington and Price, 2013), as well as the presence of interbedded
and layers (Ali, 2013) have a signiﬁcant impact on the peatlands’ ability to retain water. Therefore, enhanced recharge
ccurs where the relatively low permeability marine sediments are thin or non-existent, such as where bedrock subcrops
r is fully exposed (Whittington and Price, 2012). These bedrock exposures are “bioherms”, which are relict coral reef
tructures extending upwards from the Silurian bedrock (Cowell, 1983). Examination of the patterns of recharge around
ioherms illustrates that their effectiveness as local drainage nodes is limited (to about 25 m from the bioherm edge) by the
oor lateral transmissivity of peatlands surrounding them (Whittington and Price, 2012). Nevertheless, increased vertical
radients have resulted in declining water tables in some areas (Whittington and Price, 2013), which can affect peatland
ydrological, biogeochemical and ecological function.
As previously noted, this area is covered by ∼85% peatlands, mostly bogs and fens (Glaser et al.,2004a). The peatlands have
eveloped over low-gradient low permeability marine sediments that have been lifted by isostatic rebound from beneath
he waters of James and Hudson Bay (Glaser et al., 2004b; Price and Woo, 1988). Peat thickness averages 2.5 m,  somewhat
hicker in bogs, which have become raised above the base level to a greater extent than fens (Glaser et al., 2004b). Since
ogs are raised above the surrounding environments in such a low gradient region they are oligotrophic, and only receive
nputs from precipitation (Sjors, 1963). Bogs tend to act as storage units but discharge to fens when there is excess water
Quinton, 2003). Fens, in contrast, have developed as water conveyance systems that link directly to the stream network,
roviding drainage networks for bogs that occupy more interﬂuvial locations (Sjors, 1963). Fens are able to maintain high
ater tables as a result of surface and groundwater inﬂows, allowing them to support more constant runoff throughout
he year (Verry and Boelter, 1975). The higher water table in fens also results in them losing larger amounts of water to
vapotranspiration than bogs (Laﬂeur and Roulet, 1992). The nature and magnitude of hydrological processes operating
n bogs and fens such as water storage changes, evapotranspiration and runoff are distinctly different. Consequently, the
mpact of seepage losses that affect water table position, for example, will affect bogs and fens differently. Moreover, the
ature and extent of these impacts will alter the water budget of small peatland-dominated sub-watersheds located within
r across the cone of depressurization caused by mine dewatering.
These peatlands are the zero- ﬁrst-order sources/streams delivering fresh water to rivers draining into James Bay. Under-
tanding how they are hydrologically connected will help determine the potential impacts development might have on the
arger scale hydrology of the region. Decreasing water tables as a result of development could affect both the horizontal and
ertical connectivity of these peatland systems. The potential for reduction in surface runoff will affect the peatlands ability
o maintain baseﬂows for aquatic biological communities (although streams near the mine most likely affected have sup-
lemental water lines in anticipation of this (HCI, 2003)). Increased ﬂowpath length may  occur as the system becomes more
trongly connected to the deep groundwater system through enhanced vertical seepage losses. Increased ﬂowpath lengths
ill impact the chemical balance within peatlands and suspended and dissolved sediment loads of streams, including the
bility to regulate production and transport of methyl mercury from peatlands to major rivers (Siegel et al., 1995). How-
ver, the degree of this impact to the different hydrological components on the local bogs and fens is unknown. Therefore,
he objectives of this study are to evaluate components of the hydrological cycle to (1) gain insight on the impact of mine
ewatering on peatland hydrological functions and water balance (2) extrapolate the potential impact to the hydrology of
he peatland systems at peak depressurization.
. Study site
The study site is located ∼500 km north of Timmins, Ontario, Canada, and 90 km West of Attawapiskat, in the James
ay Lowland (52◦49′15′ ′N and 83◦53′00′ ′W)  near the De Beers Canada Victor Diamond Mine in Ontario, Canada (Fig. 1).
he landscape is dominated by peatlands (bogs and fens) with a peat thickness generally between 1 and 3 m.  The bogs in
his area typically consist of a hummocky terrain dominated by Sphagnum spp., particularly Sphagnum rubellum, Sphagnum
agellanicum and Sphagnum fuscum.  The vegetation cover of the fens is mainly sedges (Carex spp.), but also has a signiﬁcant
mount of Sphagnum spp. and cotton grass (Eriophorum spissum) (Riley, 2011). Underlying the peat layer is Tyrell Sea marine
ediments and glacial till deposits ranging from 0 to 200 m thick, with no marine sediments present where bedrock outcrops
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Fig. 1. (a) Location of the North Granny Creek watershed, outlined in red, relative to the mine site; the yellow line is the mine-impacted North Granny Creek
study  transect. The extent of the mine dewatering drawdown in the upper Attawapiskat bedrock formation as of 2011 is symbolized by the white lines.
Inset:  Location of Victor Mine site within northern Ontario. (b) Location of the non-impacted distal Tributary 5a used for estimating runoff, and the other
non-impacted sites MOE  (Ministry of Environment), MS7  and MS15, shown relative to the North Granny Creek watershed and the drawdown cone from
the  mine. The kidney shaped drawdown cone is due to heterogeneity in marine sediment thicknesses, which is in part due to the presence of bioherms.
(For  interpretation of the references to color in this ﬁgure legend, the reader is referred to the web  version of this article.)
to the surface (AMEC, 2003). The underlying bedrock layer consists of a Silurian limestone, in some locations bedrock
bioherms outcrop to the surface in small mounds. Bioherms can typically be identiﬁed on the surface as tree clusters (Cowell,
1983); due to their relatively high permeability they may  also act as drainage nodes when the underlying bedrock aquifer
is depressurized (Whittington and Price, 2012).
The site has a subarctic climate that experiences cold, harsh winters, and fairly short, mild summers. At the study site,
long-term climate data are lacking; however, data are available at Lansdowne House (approximately 250 km west) and
Moosonee (250 km south-east). Lansdowne House has an average (1971–2000) January and July temperature of −22.3 ◦C
and 17.2 ◦C, respectively, with average total annual precipitation of 700 mm,  ∼30% falling as snow (2010). Moosonee has
an average (1981–2010) January and July temperatures of −20.0 and 15.8 ◦C, respectively, and an average total annual
precipitation of 704 mm,  with ∼31% falling as snow (2010). Whittington et al. (2012) evaluated the long-term averages at
both these sites with the existing Victor Mine site weather station record (2000–2011, see Section 3) and determined that
an average of Lansdowne House and Moosonee is a good approximation for the climate at the Victor mine. Given the cold
climate and relatively short growing season, a frost table exists for the majority of the year. The study site is within the zone
of sporadic permafrost (Riley, 2011) but permafrost is not extensive in the area, being restricted to palsas (raised mounds
of expanded frozen peat) covering a few per cent of the study area.
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Table  1
Water balance components and the methods used to estimate results each year in both the mine-impacted regions and non-impacted regions of this study.
All  mine-impacted data were acquired within the North Granny Creek (NGC) watershed. Non-impacted zone data were determined at sites located outside
of  the mine-impacted region, as noted.
Mine-impacted Non-impacted
Component 2009 2010 2011 2009 2010 2011
Precipitation Meteorological Station at Victor mine
Evapotranspiration 2010–2011 calibration
used with 2009 Victor
mine MET  data
Weighing lysimeters and
Priestley–Taylor method using Victor
mine MET  data
Relationship between 2011 Victor MET
and Eddy Covariance at MOE applied to
Victor mine MET  data
Eddy Covariance at
MOE  site
Runoff Measured at NGC-Conﬂuence Measured at Tributary 5a
Deep  seepage Nests along NGC transect Five nests located at MS15
Storage h  from wells along NGC h from 5 nests at MS15, Sy from cores from NGC transect
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%  of watershed 6.7 11.2 14.5 93.3 88.8 85.5
The De Beers Victor Mine began operations in 2007. Each year as the open pit mine becomes deeper, increased dewatering
s required to keep it dry. As a consequence, the cone of depression from the open pit radiates outward from the pumping
ells, and stretches further into the surrounding landscape each year, herein called the “mine-impacted” region.
This study examines the water balance of a 34.4 km2 sub-watershed called North Granny Creek, NGC (Fig. 1), the closest
art of which is within 3 km of the mine, inside the mine-impacted region. Unfortunately, the instrumentation in North
ranny Creek (research transect, Fig. 1) was within the mine-impacted area from the beginning of the study period (some-
hing that was not anticipated to occur so quickly) and the non-impacted areas were difﬁcult to access on a regular basis.
herefore, data and parameters from representative non-impacted locations outside North Granny Creek are used as proxies
or the non-impacted regions of the North Granny Creek watershed, with the assumption they are representative. These
istal watersheds and instrumentation sites used for proxy data are all within 25 km of the North Granny Creek watershed.
ence there are four types of non-impacted reference study sites for the various component(s) of the water balance that
epresent the non-impacted part of North Granny Creek (see Fig. 1): (1) stream discharge (Tributary 5a); (2) groundwater
uxes (from wells and piezometers at MS15), (3) storage changes (MS15 & MS7) and (4) evapotranspiration (MOE, Ministry
f Environment site). (MS  stands for Muskeg Sampling and are the names used by De Beers for their locations.) The non-
mpacted study sites used for the speciﬁc data are described in Section 3 and summarized in Table 1. Data were available
or the entire study period at each non-impacted study site (20 May–31 August for 2009, 2010, 2011) except where noted.
.1. North Granny Creek watershed (main study area)
North Granny Creek watershed is approximately 9 km long by 5 km wide (34.4 km2). The watershed contains two distinct
hannels of North Granny Creek (NGC); North-NGC and South-NGC. A 1.5 km transect (NGC transect, “mine-impacted”)
riented north/south crosses both North-NGC and South-NGC and is anchored at either end by a bedrock exposure (bioherm).
he North Granny Creek transect bisects a sequence of bog and fen landscape types (Fig. 2) indicative of the local area. In
otal there were 16 nests of wells and piezometers along the North Granny Creek transect. Classiﬁcation of fused IKONOS
nd LiDAR images (DiFebo, 2011) of the North Granny Creek watershed reveal a complex landscape comprising 49% bog,
1% fen and 20% open water (either bog pools or fen pools); the distribution of these landscapes in the other non-impacted
ub-watersheds was not measured but our visual observations suggest they are similar to North Granny Creek watershed.
.2. Non-impacted sites
To provide a non-impacted reference baseline for vertical groundwater ﬂuxes and storage change in the North Granny
reek watershed, the site MS15 was selected, since it had deep bedrock wells installed as part of the compliance (regulatory)
onitoring network. MS15 is located approximately 25 km southwest of the mine, and had a transect stretching 150 m across
 bog-fen transition, instrumented with 3 piezometer nests in the bog and 2 nests in the fen (each nest having 3 piezometers
nstalled at 90 cm and 150 cm below the surface and one at the peat-marine sediment interface). Another site located 1 km
orth of the headwaters of the North Granny Creek (MS7) was  used as continuous (logger) data were available to establish a
egression for the storage changes at MS15 where only discrete (manual) water table data were available. The MS7  site was
nstrumented with 4 single monitoring wells all situated several hundred meters apart in two  bog and two fen landscape
ypes.
The non-impacted tributary, Trib 5a, is part of De Beers’ compliance monitoring, it is located up-stream of the mine, well
utside the mine-impacted region, it was used to quantify runoff from a non-impacted site. Trib 5a was used as a comparison
ecause it is the closest in drainage size to the North Granny Creek watershed with a drainage area of 30 km2 (Fig. 1) and
s also dominated by a similar peatland conﬁguration. Tributary 5a is incised into the marine sediments or its headwaters
ie just on top of the marine sediment layer, similar to North Granny Creek. The ﬂow regimes of this, and other tributaries
hown in Fig. 1 were compared by Richardson et al. (2012).
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Fig. 2. Ground surface elevation of bogs and fens along the North Granny Creek study transect (black line, 8 point moving average of a DGPS elevation
survey, with points taken every 4–5 m)  and the bottom of the peat layer/start of marine sediments (grey line). The nest locations along the transect are
indicated by the piezometers installed at depths of 90 cm (circles), 150 cm (triangles) and between 170 and 270 cm at the peat-marine sediment interface
(squares) (in shallower locations, the 150 cm piezometer was installed at the interface). Figure modiﬁed from Whittington and Price, 2013.
The non-impacted site for measurements of evapotranspiration, operated by the Ontario Ministry of Environment (MOE),
is located approximately 10 km south of the mine (Fig. 1). Eddy covariance systems were situated at a domed bog and at a
ribbed fen. Data are only available for the complete 2011 season at the MOE  site, so the relationship between the MOE  and
North Granny Creek sites derived for this period was  used to estimate evapotranspiration at the non-impacted MOE  site for
the previous two study seasons.
3. Methods
To evaluate the potential changes in water availability in the North Granny Creek watershed caused by mine dewatering,
a water budget was constructed for each year for the period from 20 May–31 August, as
P − ET − Q − Qd+S  =  , (1)
where P is precipitation, ET is evapotranspiration, Q is surface runoff, Qd is deep seepage (the vertical ﬂux of water), S  is
change in storage and  is the residual value (all values in mm).
North Granny Creek watershed was split into two sections: mine-impacted and non-impacted. The mine-impacted area
of North Granny Creek watershed was determined each year using the extent of the cone of depression in the upper bedrock
aquifer, as determined with De Beers’ monitoring wells (AMEC, 2010, 2011, 2012). As only the 2 m drawdown cone is
reported, a distance vs. drawdown curve was created to extrapolate. The curve becomes asymptotic at about the 0.5 m
drawdown isopleth, beyond which we assume the vertical hydraulic gradients imposed on the peatlands were negligible,
hence non-impacted. Thus the extrapolated 0.5 m isopleth of drawdown in the upper bedrock aquifer determined the extent
of the mine-impacted vs. non-impacted portions of the North Granny Creek watershed, for each study season; we did not
consider changes to the cone of depression throughout the study season. To determine the water balance for the entire North
Granny Creek watershed (i.e., including mine-impacted and non-impacted areas), data from mine-impacted (North Granny
Creek transect) and non-impacted sites (i.e., using data from the proxy sites) were areally weighted (see Table 1).
A meteorological (MET) station installed in 2008 was  located approximately 0.75 km from the conﬂuence of the North
Granny Creek watershed (Fig. 1). The meteorological station consisted of a data logger outputting an average (or total, for
precipitation) value every 10 min. Air temperature was measured using a copper-constantan thermocouple in a radiation-
shielded well-ventilated box. A net radiometer installed 1.5 m above the surface was used to measure the net radiation,
and ground heat ﬂux was measured with two self-calibrating soil heat ﬂux plates installed 1–2 cm below the peat surface.
Precipitation was measured using a tipping bucket rain gauge located inside an Alter windshield.At the MOE  site, meteorological stations were installed in a bog and in a fen in mid  to late 2010. Instrumentation was
similar to the North Granny Creek MET  station, however, both MOE  sites had eddy covariance instruments including latent
heat ﬂux sensors, sensible heat ﬂux sensors and ambient air temperature probes.
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Table  2
Average evapotranspiration rates and alpha values from moss, lichen, sedge and open water surfaces over the three study seasons, used to estimate
evapotranspiration. The ‘n’ value refers to the number of alpha values that were averaged to obtain the one shown, along with the associated standard
deviation.
NGC Water Moss Lichen Sedges
2009 ET (mm  day−1) 1.6 1.6 0.72 1.4
2010  ET (mm  day−1) 2.2 2.1 0.95 1.9
2011 ET (mm  day−1) 2.2 2.1 0.97 1.9
Alpha  value 1.16 1.1 0.5 1.02
Standard deviation 0.5 0.2 0.2 0.2
n  2 18 6 6
Table 3
Average evapotranspiration rates from the main land types; bog, fen and open water along the mine-impacted North Granny Creek transect and at the MOE
non-impacted site. The overall losses from North Granny Creek watershed were calculated using the weighted total of the two  sites using the proportionate
percentage of impacted vs. non-impacted, as indicated.
NGC transect MOE Proportion of
non-impacted area
(%)
Total losses from
NGC (mm)
Bog
(mm  day−1)
Fen
(mm  day−1)
Open water
(mm  day−1)
Total losses
(mm)
Bog
(mm day−1)
Fen
(mm day−1)
Total losses
(mm)
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d2009 1.3 1.4 1.6 141 1.6 1.7 165 93.3 163
2010  1.8 1.9 2.2 186 2.1 2.2 220 88.8 217
2011  1.8 1.9 2.2 189 2.2 2.3 224 85.5 222
.1. Precipitation
Precipitation was measured at the North Granny Creek meteorological station and used for the entire North Granny
reek watershed for all years. Despite the distance between the headwaters of the North Granny Creek being approximately
0 km from the meteorological station, we believe the precipitation recorded at this location is indicative of the entire North
ranny Creek watershed as topography does not factor at this location, and convective storms are uncommon. Additionally,
ichardson et al. (2012) reported that the cumulative daily precipitation for June, July and August 2009 and 2010 for Lans-
owne House (200 km west, and in the prevailing wind direction) varied by less than 5% of the cumulative precipitation at
he North Granny Creek meteorological station.
.2. Evapotranspiration
Evapotranspiration for the mine-impacted area of North Granny Creek watershed was  found using the Priestley and
aylor (1972) combination method, calibrated with bucket lysimeters. The lysimeters were installed in different vegetation
ommunity types found in the mine-impacted area of North Granny Creek (Sphagnum moss, lichen and sedge), as well
s in open water. The vegetation-ﬁlled lysimeters (24-moss, 8-lichen and 5-sedge) were constructed from white buckets
ith a depth of 40 cm and diameter of 28 cm,  encompassing a monolith of vegetation-covered peat representative of the
forementioned cover types. The open water lysimeters (3 in 2010, 2 in 2011 due to wildlife interference) consisted of white
uckets with a depth of 20 cm and diameter of 18 cm that were supported by light blue cut-out StyrofoamTM board to provide
oatation and stability. To determine evapotranspiration, lysimeters were weighed periodically after two or more days with
o precipitation to quantify the mass losses over the speciﬁed time period. Water was added or removed from lysimeters to
ake them more representative of the moisture conditions surrounding them. The actual evapotranspiration found using
hese lysimeters was used to calibrate the Priestley–Taylor (1972) equation,
ET = ˛ s
s + 
Q ∗ − Qg
L
(2)
here ET is the evapotranspiration (mm  d−1), s is the slope of the saturation vapor pressure–temperature curve (kPa ◦C−1),
 is the psychrometric constant (0.0662 kPa ◦C−1 at 20◦C), Q* is the net radiation ﬂux (J d−1), Qg is the ground heat ﬂux
J d−1), L is the latent heat of vaporization (J kg−1) and  is the density of water (kg m−3). The alpha value, ˛, represents the
lope of the relationship between the actual (lysimeter) evapotranspiration and equilibrium evapotranspiration, which is
he outcome of Eq. (2) when  ˛ = 1.
Different  ˛ values were found for each of the four surface types: Sphagnum moss (hummock and hollow species), lichen,
edges and open water. The separate  ˛ values were then used to determine rates of evapotranspiration from the different
urface types. The  ˛ values from the different surface types were used in combination with each other to estimate losses from
he bogs, fens and open water (see below) (Tables 2 and 3). Lysimeter data were only available for the 2010 and 2011 seasons,
nd the calibrated  ˛ values determined in these years for the four surface types, were also applied to 2009 meteorological
ata (Q*, Qg and air temperature) to determine evapotranspiration. Total seasonal evapotranspiration for the mine-impacted
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zone (ETIM) of the North Granny Creek watershed was  derived from areally weighted bog (49% of the area; 5% moss, 44%
moss and lichen), fen (30% of the area; 11% sedges, 19% sedges and moss), open water (21%) classes (c.f. DiFebo, 2011, see
Section 1.1.1), such that
ETIM =
4∑
i=1
(xiAi) t (3)
where xi is the average daily evapotranspiration rate for each land cover, i, Ai is the areal fraction of each land cover and t is
the time (days) that elapsed over the study period.
Evapotranspiration was also measured at the (non-impacted) MOE  site in 2011 (data provided by MOE, 2011), using the
eddy covariance vapor ﬂux method which consists of a tower raised 4 m above the ground surface that has sensors measuring
the latent heat exchange in the atmosphere above the surface. It does this by measuring the vertical turbulence of air and
gas within the atmospheric layers above the ground surface. A ﬂux tower was  situated over a domed bog and another over
a ribbed fen system. The ﬂux towers measure the latent heat ﬂux over the surface and non-impacted evapotranspiration
(ETNON-IM) is estimated as
ETNON−IM =
LE
LEw
(4)
where LE is the latent heat ﬂux (W m−2), LE is the latent heat of vaporization (MJ  kg−1, 2.501–0.002361 × T, T is temperature
◦C), and w is the density of water (kg m−3).
Separate evapotranspiration rates were derived for both the bog and the fen at the MOE  non-impacted site. The evap-
otranspiration rates from the MOE  site were then areally weighted to the land cover classes for the non-impacted portion
of the North Granny Creek watershed. The fen and open water classes were combined because there was  no ﬂux tower
situated immediately over an open water system and fens tend to have more open water throughout the study period. The
eddy covariance instrumentation above the fen captured the evapotranspiration from open water pools and standing water
within the fetch of the eddy tower.
The instrumentation at the MOE  site did not fully exist until 2011, so estimates of 2009 and 2010 ETNON-IM were made
based on a relationship between 2011 EIM and ETNON-IM. The relationship between the 2011 evapotranspiration at the non-
impacted site and the impacted site was determined by plotting up the daily evapotranspiration totals from the MOE  eddy
covariance tower and the daily evapotranspiration totals from the Priestley–Taylor combination method at the North Granny
Creek impacted site; this was done separately for both bog and fen rates.
3.3. Runoff
Stream ﬂow was measured at the conﬂuence of the North Granny Creek watershed, using a ﬂow meter, on a weekly
basis. The water stage was recorded hourly using a pressure transducer within a stilling well located directly in the stream
channel. For each of the study years a stage–discharge relationship was developed and applied to the continuous stage data
to achieve hourly rates of discharge from the system. In these peatland systems snowmelt is a major contribution to the
annual runoff from the system. Snowmelt was based on average depth and snow water equivalent measurements from
Whittington et al. (2012). Snow water equivalent was measured every 30 paces (∼20 m)  using a plastic snow tube (1.2 m
by 0.07 m i.d.) and weighed with a hanging scale; snow depth measurements were also taken using a ruler every 15 paces
(∼10 m).  Snow water equivalent was calculated using the mass of the snow in the tube and a water density of 1 g cm−3; snow
density was calculated using the weighed volume of snow in the tube. Runoff was  measured for the period of 1 April–31
August to incorporate the snowmelt data, snowmelt data sets only exist for 2009 and 2011 since there was no snow pack
in April 2010 (very dry winter). Runoff study dates for the water balance calculation were chosen to start after the snow
melt period (20 May–31 August) so there was a consistent period with all variables in the water balance. The water balance
study period starts at the tail end of the snow melt period so some of the water gained from snow melt will be reﬂected in
the stage changes and runoff values.
Runoff from the non-impacted Tributary 5a site was  calculated in the same manner as the North Granny Creek, using a
stage–discharge relationship. In 2009 for the ﬁrst 20 days in April there was no runoff data for Tributary 5a due to unstable
ice conditions in the stream. These 20 days of discharge data were estimated using a relationship between the Tributary 5a
and another tributary (R2 = 0.67) in the non-impacted area; which was the only tributary in 2009 with a full data set for the
high ﬂow period. Runoff ratios were calculated each year using the ratio of runoff to precipitation, including snowmelt, for
the 1 April–31 August time period.
3.4. Deep seepageTo measure the vertical ﬂuxes of water (deep seepage), wells and piezometers were installed into nests using a hand
auger. Each nest was made up of one fully slotted well and three piezometers with 30 cm slotted intake (installed at 90 cm
and 150 cm below the ground surface and one at the peat–marine sediment interface). All wells and piezometers were
constructed from 2.54 cm inside diameter PVC pipe, with the slotted intakes covered by geotextile screen. The hydraulic
h
e
f
w
i
t
E
t
c
e
b
t
(
a
c
s
3
w
r
s
o
s
p
C
o
s
o
a
4
s
d
p
l
d
s
d
T
T
t
y
a
w
4
P
aM. Leclair et al. / Journal of Hydrology: Regional Studies 4 (2015) 732–747 739
ead in these pipes was measured once a week during the study season. Field bail tests were conducted on the piezometers
very season to determine hydraulic conductivity using the Hvorslev (1951) method.
Deep seepage was determined at North Granny Creek watershed (mine-impacted) piezometer nests using Darcy’s law
or speciﬁc discharge;
q = K dh
dl
, (5)
here K is hydraulic conductivity (cm d−1) and dh/dl is the hydraulic gradient (the change in hydraulic head and the change
n length between the two measuring points) across the proﬁle. Deep seepage was  calculated at each of the 16 nests across
he 1.5 km transect. The hydraulic conductivity from the layer with the lowest K was used to calculate deep seepage using
q. (5), since water in the proﬁle can only move as fast as the slowest layer permits, and the gradient was assumed to reﬂect
his. An anisotropy ratio of 0.23 (log Kh/Kv; h and v are horizontal and vertical, respectively) was then applied to the hydraulic
onductivity value, as established by Whittington and Price (2012), for this study site. The ﬂux was  calculated at each nest,
ach year, and then averaged by landscape type (bog or fen). The rate calculated for fens was also applied to open water area
ecause all the classiﬁed fen nests are located adjacent to open water.
The deep seepage at the MS15 non-impacted site was calculated in the same manner as above for the 4 nests present
here. Each nest consisted of 3 piezometers located at 90, 150 cm below the surface and at the peat marine sediment interface
approximately 250 cm below the surface). Fluxes were calculated at 2 bog nests and 2 fen nests. The rates found for the bog
nd fen at the MS15 site were applied to the non-impacted portion of the North Granny Creek watershed for each year. This,
ombined with the mine-impacted deep seepage determined a total loss or gain from the North Granny Creek watershed
ystem as a result of deep seepage.
.5. Storage
Change in storage (S) was determined for bogs, fens and open water at North Granny Creek and MS15 transects, as
S  = hSy, (6)
here h is the change in the water table height, and (Sy) is the average speciﬁc yield of the top 20–70 cm of peat, which
epresents the typical zone of water table ﬂuctuation during the study period (note that while the 70 cm water table depth
eems too deep for typical peatlands, in the mine impacted areas water tables were found to be that deep for periods
f the summer. However, the majority of water tables were within 50 cm of the surface). Since there was  no long term
torage data at MS15 a regression was completed using the manual data at MS15 with water table data measured using
ressure transducers at the MS7  site to establish long term storage ﬂuctuations in the bog and fen landscapes at MS15.
ores (32 subsections in fen, 58 subsections in bog) were taken in the ﬁeld using a Wardenaar peat corer for the top 40 cm
f the proﬁle and a Russian corer for the remaining depths, and transported to the laboratory. To determine Sy, cores were
aturated, weighed, then drained for a 24-h period and weighed again to determine the proportion of water loss as a result
f gravitational drainage. S  was spatially weighted using results from the mine-impacted and non-impacted sites to get
n estimated total change in storage for the North Granny Creek watershed over the three study seasons.
. Results
The De Beers Victor mine has been fully operational since January 2007; approximately 4.5 years by the end of this
tudy period (2009–2011). A cone of depression of groundwater pressures in the Upper Attawapiskat bedrock aquifer has
eveloped, which by 2011 encompassed 14.5% of the lower part of North Granny Creek sub-watershed (Fig. 1, Table 1). The
rogressive dewatering is reﬂected in declining average water tables in the NGC Bog and NGC Bedrock monitoring wells
ocated in the mine impacted region (Fig. 3). The declining water table was  most noticeable in the NGC Bedrock layer which
isplayed a drop of over 2 m between 2009 and 2011 over the winter months; these levels rebounded slightly after spring
nowmelt but not to pre 2009 levels. The bog landscape (NGC Bog) in the North Granny Creek watershed did not display
rops as large as in the bedrock but seasonal dewatering superimposed on a general downward trend also occurred there.
he NGC fen landscape was not experiencing the same degree of long-term decline in water tables as the bog and bedrock.
he MS15 non-impacted site water tables in both bog and fen landscape displayed no decline over the long-term; water
ables in the bog and fen typically overlap each other and always rebounded in the spring to the same levels as the previous
ears. Based on the estimated extent of the cone of depression for 2009, 2010 and 2011, respectively, it was  estimated that
pproximately 6.7, 11.2, and 14.5% of the North Granny Creek was impacted (Table 1), all at the lower (eastern) end of the
atershed.
.1. Precipitation and climatePrecipitation for each ﬁeld season (20 May–31 August) totaled 357, 259 and 255 mm for 2009, 2010 and 2011, respectively.
recipitation events in 2009 were typically larger and more frequent than in 2010 and 2011 (Fig. 4). The 30-year climate
verages for the same time period at Lansdowne House and Moosonee were 309 and 266 mm,  respectively (Environment
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Fig. 3. Long-term water tables in the mine-impacted North Granny Creek bog, fen and bedrock and at a bog and fen in the non-impacted MS15 site. The
MS15  water levels are on a secondary y-axis for ease of viewing, but has the same scale as the primary y-axis (i.e, 2 m).  The inset shows the North Granny
Creek  bedrock water tables on a compressed scale (4 m)  for ease of comparison.Fig. 4. Long-term hydrographs for the non-impacted Tributary 5a and the mine-impacted North Granny Creek, with responses to precipitation events from
mid-2009 to mid-2011.
Canada, 2010, 2014). Additionally, spring of 2010 had no measureable snowpack, therefore snowmelt for that year was
considered to have zero contribution to runoff (Whittington et al., 2012). The 2009 and 2011 seasons started off with a
snow pack with average depths of 75 and 39 cm which had average snow water equivalence of 85 and 112 mm,  respectively
(Whittington et al., 2012). During the extended study period, used for runoff analysis only, the precipitation totaled 492,
292 and 423 mm for 2009, 2010 and 2011, respectively, including snowmelt. The 2009 season was  colder with an average
temperature of 12 ◦C and an average net radiation of 103 W m−2, while the 2010 and 2011 seasons had average temperatures
of 14.6 and 13.7 ◦C, respectively, and average net radiation of 111 W m−2 for both years.
4.2. Evapotranspiration
From the lysimeters installed in Sphagnum moss, lichen, sedges and open water, average  ˛ values were 1.1, 0.5, 1.02
and 1.16, respectively (Table 2). The average alpha values were determined to represent the respective surfaces (bog, fen
and open water), with bog comprising a mix  of moss and moss & lichen (  ˛ = 0.8), and fen comprising sedge and moss &
sedge (  ˛ = 1.06). These alpha values were used to calculate the evapotranspiration and then the total evapotranspiration
values were weighted in the proportions noted in the methods section to determine losses from bog, fen and open water.
Open water had the highest rates of evaporation, averaging 2 mm day−1 over the three study seasons. Bogs and fens at the
mine-impacted site had an average evapotranspiration of 1.7 and 1.8 mm day−1, respectively (Table 3). Given the relatively
high evapotranspiration rate from moss surfaces and their dominance in bogs (i.e., moss plus moss & lichen), which occupy
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Fig. 5. Box and whisker plots of evapotranspiration rates in moss (M)  and lichen (L) landscapes, near (N) and away (A) from a bioherm for 2010 (10)
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tnd  2011 (11). The upper and lower whiskers are the maximum and minimum rates experienced. The notches in the middle of the boxes can be used
o  determine signiﬁcance, where non-over lapping notches between data sets can be considered to have signiﬁcant difference, as in the moss vs. lichen
andscapes.
he largest proportion of the landscape, bogs contributed the most to overall evapotranspiration losses from the system.
ite wide evapotranspiration losses were 25% less in 2009 (the wettest, coolest year) than in 2010 and 2011. Additionally,
vapotranspiration rates within the mine-impacted area were ∼13–14% lower than estimated rates at the non-impacted
ite.
At the MOE  non-impacted site the average evapotranspiration loss in 2011 from bog and fen were 2.2 and 2.3 mm/day,
espectively (Table 3). After applying rates from the MOE  non-impacted site to the non-impacted portion of the North Granny
reek watershed and rates from the North Granny Creek transect to the impacted portion, total evapotranspiration losses
rom the North Granny Creek watershed were estimated to be 163, 217, 222 mm for 2009, 2010 and 2011, respectively, over
he study season.
Within the mine impacted area the weighing lysimeters used to estimate evapotranspiration were situated either near
 bioherm or outside of the bioherm’s area of inﬂuence (about 30 m).  Since bioherms are known to be localized preferen-
ial drainage nodes to the adjacent peatlands (Whittington and Price,2012) daily evapotranspiration rates were compared
etween moss and lichen landscapes both near and away from the bioherm in 2010 and 2011 (Fig. 5). The notches on the
oxplots can be used as a visual test of signiﬁcance, whereby non-overlapping notches can be considered to have a signiﬁcant
ifference (McGill et al., 1978). Differences between locations near and away from the bioherm were small or negligible.
vaporation from moss surfaces was signiﬁcantly greater than from lichen and evaporation in 2010 was signiﬁcantly less
han in 2011. Only in 2010 was there a signiﬁcant difference between near and away moss locations (very slight difference)
nd the trend reverses in 2011. All locations in all years were set to have a minimum evapotranspiration rate of zero instead
f a negative value, which sometimes results from night time condensation.
.3. Surface runoff
In 2009 the North Granny Creek watershed experienced 249 mm of runoff, and only 73 and 127 mm in 2010 and 2011
or the time period of 1 April–31 August (Fig. 4), which represents 70 and 50% less runoff for 2010 and 2011, respectively
Table 4). The lack of a snow pack in 2010 likely contributed greatly to the reduction in runoff for this year. The 2009 study
eason received about 100 mm more precipitation than the two consecutive years, which resulted in over 100 mm more
unoff (Table 4). For 2009, 2010 and 2011 total runoff ratios were 0.51, 0.25, and 0.30, respectively (Table 5). In 2010 and
011 when the area received less rainfall, the North Granny Creek experienced closer rates of runoff to the neighboring
on-impacted tributary (Fig. 4).
The non-impacted Tributary 5a experienced a drop in runoff of 70% from 2009 to 2011. In 2009, a wet  year, Tributary
a, in addition to North Granny Creek experienced higher amounts of runoff (Table 4), but the hydrograph response was
enerally greater in the non-impacted watershed compared to the North Granny Creek (Fig. 4). In 2009 the non-impacted
ributary 5a experienced a runoff ratio of 0.88, by comparison the runoff ratio in North Granny Creek watershed was 0.51
Table 5). By 2011 runoff ratios at the non-impacted tributary dropped to be 0.30 (Table 5), which was the same runoff ratio
bserved in the mine-impacted North Granny Creek watershed for that season. During the study period in which the water
alance was conducted (20 May–31 August), post snowmelt, the North Granny Creek watershed experienced runoff of 179,
2 and 54 mm in 2009, 2010 and 2011, respectively.
.4. Deep seepage
Along the mine-impacted North Granny Creek transect the average rates of deep seepage were up to an order of magnitude
igher than rates found at the MS15 non-impacted site (Table 5). In all years bogs experienced net water losses from deep
eepage at the North Granny Creek Site, and all bogs at the MS15 site experienced a net gain over all three years (Table 4
nd Fig. 6). Within North Granny Creek the rate and variability of seepage loss in bogs increased between 2009 and 2011
Fig. 6); while vertical ﬂuxes in fens were smaller than in bogs, variability also increased between 2009 and 2011. At the
on-impacted site the range of vertical ﬂux rates for both bogs and fens increased slightly over the three study periods, with
he largest spread in 2010. When the total losses for the North Granny Creek transect (mine-impacted area) and the MS15
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Table  4
Runoff from the non-impacted distal Tributary 5a and the North Granny Creek from 1 April to 31 August during the 2009–2011 study seasons. Deep seepage
rates  and storage changes from the North Granny Creek transect, and the MS15 non-impacted site for the three study seasons and the aerally weighted
average estimating the total losses from the North Granny Creek watershed (negative indicates downward ﬂux or loss in storage, positive indicates upward
ﬂux  or gains in storage).
2009 2010 2011
Runoff (mm) Trib 5A 435 145 126
NGC 249 73 127
Deep  seepage (mm  day−1) Transect
Bog −1.6 −4.9 −3.6
Fen 0.0 −1.5 −0.9
MS15
Bog 0.2 0.5 0.1
Fen −0.3 −0.6 0.0
NGC average rate
Bog 0.1 0.2 −0.2
Fen  −0.3 −0.6 0.0
Change in storage (mm)  Transect
Bog −5 4 −15
Fen & open water 70 7 −32
MS15
Bog −7 −3 2
Fen  & open water −9 −4 2
NGC Average S
Bog −14 −5 1
Fen  −17 −9 0
Open water −68 −34 0
Table 5
Runoff ratios from North Granny Creek and the non-impacted Tributary 5a for the three study seasons between 1 April and 31 August. Precipitation for
this  time period used to calculate the runoff ratios includes rainfall and snowmelt, as noted there was no measurable snowpack in 2010.
Tributary 2009 (mm)  2010 (mm)  2011 (mm)
Trib 5a 0.88 0.50 0.30
NGC  0.51 0.25 0.30
Rainfall (mm) 406 292 311
Snowmelt (mm)  85 – 112
Total  precipitation (mm)  492 292 423
−
15
−
5
0
5
10
Transect Bog
D
ee
p 
se
ep
ag
e 
(m
m/
da
y)
−
15
−
5
0
5
10
Transect  Fen
2009 2010 2011
−
2
−
1
0
1
2
MS15 Bog
D
ee
p 
se
ep
ag
e 
(m
m/
da
y)
2009 2010 2011
−
2
−
1
0
1
2
MS15 Fen
Fig. 6. Deep seepage rates along the North Granny Creek transect and MS15 transect for bog and fen for 2009, 2010 and 2011. Whiskers indicate maximums
and  minimums, dots represent outliers and box width are indicative of sample size (n).
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on-impacted site are areally weighted for their respective areas in the North Granny Creek watershed, seasonal ﬂuxes
mounted to −11, −25 and −9 mm for 2009, 2010 and 2011, respectively (Table 4) (i.e., losses).
.5. Change in storage
Water storage change reﬂects the balance of inputs and outputs for a deﬁned period, and is calculated from water table
ata (Fig. 3) in a (peat) soil on the basis of its speciﬁc yield, Sy (Fig. 7). As previously noted, there was a general decline in
ater table, hence water storage, in the North Granny Creek bog. This was  not apparent in the North Granny Creek fen. In
oth North Granny Creek and MS15 bogs and fens there were distinct seasonal trends with the main recharge being in the
pring, and declining over the summer and into winter. For the water balance period (20 May–31 August) the water storage
hange, S,  between the start and end dates reﬂect mostly the balance of the shorter term ﬂuxes. These values are provided
n Table 4. Over the 2009 study season in the mine-impacted zone the bogs lost water from storage while the fens and open
ater gained storage (Table 4). In 2010 along the North Granny Creek transect all land types gained storage over the study
eriod. By the end of the study season in 2011 the opposite occurred and all the landscape types at the mine-impacted site
ost storage over the season. For the study years 2009–2011, the storage changes measured along the mine-impacted North
ranny Creek transect in the bog amounted to −5, 4, and −15 mm,  respectively. In the fen along the North Granny Creek
ransect the changes in storage over these periods were 70, 7, −32 mm,  respectively. At MS15 non-impacted site the changes
n storage for all years and all site-types were small (<±10 mm)  (Table 4).
Total storage changes were weighted areally for land cover type (bog, fen, open water) and then again for the amount
f the watershed affected by the mine’s cone of depression. The changes in storage along the mine-impacted section of
orth Granny Creek, and at the non-impacted areas represented by values from MS15, amounted to −26, −12 and 0.3 mm,
espectively, for the three study periods (Table 4).
. Discussion
.1. Hydrological response
As a result of pit dewatering, part of the underlying limestone bedrock aquifer has become depressurized within the
orth Granny Creek watershed. With each year there is further encroachment of the mine’s cone of depression into North
ranny Creek watershed, from 6.7% in 2009, 11.2% in 2010 and 14.5% by 2011 (Table 1). The following discussion will evaluate
he importance of this on the stores and ﬂuxes of water in the North Granny Creek watershed; these will be examined in
iew of the seasonal precipitation patterns, which varied +20, −12 and −12% from climate normals in 2009, 2010 and 2011,
espectively.
Both mine-impacted and non-impacted sites experienced lower evapotranspiration rates in 2009 compared to the two
ollowing years, as a consequence of the differences in weather patterns across these years. The 2009 season had lower
emperatures and lower net radiation (Q*) as a consequence of the atmospheric conditions that produced the relatively
eavy rainfall for 2009. The North Granny Creek mine-impacted site experienced lower evapotranspiration rates over all
hree years (overall average of 1.7 mm day−1), compared to the non-impacted site (overall average of 2 mm day−1) (Table 3).
e acknowledge that the difference between the North Granny Creek mine-impacted and the non-impacted MOE  site is
elatively small (Table 3), and that it could be explained by a combination of the difference in methods and error. The
riestley–Taylor method is dependent on the reliability of the lysimeter weights, which is affected by the representative
744 M. Leclair et al. / Journal of Hydrology: Regional Studies 4 (2015) 732–747
moisture conditions inside the lysimeters (compared to the outside). It also relies on the accuracy of the energy budget
measurements; however, errors in these terms are compensated for by their ﬁt with the lysimeter data. The eddy covariance
method relies only on direct measurement of the latent heat ﬂux. While this may  also have errors they can be assessed
by comparison with the outcome of the energy budget for an independent assessment of accuracy (Drexler et al., 2004),
notwithstanding potential errors in other energy balance ﬂuxes.
Several studies (Boelter, 1972; Ingram, 1983; Ramanov, 1968; Verry, 1988) have shown that evapotranspiration rates
from peatlands decrease rapidly when water tables drop to about 15–30 cm below the surface. In more southerly bogs higher
temperatures over longer summer periods and milder temperatures during the shorter winter season, allow for increased
vegetation growth, particularly ericaceous shrubs (Murphy et al., 2009). It is these shrubs and the extent of their root depth
that helps determine when evapotranspiration rates will decrease relative to water table height (Admiral et al., 2006). In the
James Bay Lowland the rooting zone is shallow because of persistent ground frost and cold climate, resulting in shrubs that
require a higher water table for supplying evapotranspiration. However, a water table too close to the surface would reduce
the aerobic rooting zone and shift the relative abundance of shrubs to sedges. Current drying of the mine-impacted portion
of the North Granny Creek watershed is likely to promote growth of woody plants; this increased growth is already apparent
in some drier locations (Talarico, 2009). This increased shrub growth may  offset the tendency for lower evapotranspiration
rates caused by mine dewatering, at least in the short-term until increased root depth enhances the potential water loss
by evapotranspiration from drier peat systems (Admiral et al., 2006). However, greater vascular plant presence may  boost
evapotranspiration losses after mining ceases and the pumps are turned off, when water tables return to higher static levels.
Rooting zones also play a key role in the differing evapotranspiration rates between bog and fen landscapes. Evapotranspi-
ration rates were slightly higher in fens (Table 3), which never experienced water tables lower than 20 cm below the surface,
with correspondingly lower impacts on their vegetation assemblages (Admiral et al., 2006). Furthermore, bogs experienced
lower water tables and in some areas along the North Granny Creek mine-impacted transect, water tables were 40–50 cm
below the surface in 2010 and 2011, respectively. Bogs were more likely to have a substantial lichen cover, and lichen cover
decreased the evaporative water loss (Fig. 4). The roles of lichen vs. mosses on the evaporation rates were also evaluated
with respect to their proximity to bioherms, where substantially lower water tables have been documented (Whittington
and Price, 2012). The only signiﬁcant differences found were between moss close and more distant from the bioherm in
2010 and between moss and lichen in both years. Lichen evaporation rates were expected to be signiﬁcantly lower than
that of moss because lichens are restricted to the surface and do not have good connectivity to the underlying peat so any
surface drying greatly reduces their evapotranspiration rates. Bello and Arama (1989) conducted a study in the Hudson Bay
Lowland on lichen canopy interception and found that in this climatic region precipitation only occasionally ﬁnds its way to
the moss layer below the lichen surface cover during the summer months. They determined that two  days without rain was
sufﬁcient to create antecedent moisture deﬁcits in lichen canopy that exceeded precipitation on most occasions. They also
found that following rain events that produced drainage through the lichen canopy, drainage became insigniﬁcant after one
hour following a rainfall event. The lack of drainage and moisture deﬁcit indicate that lichen has poor connectivity with the
underlying layers, which along with its poor water retention capacity results in relatively low evapotranspiration rates.
Lower water tables not only have a potential impact on evapotranspiration, the position of the water table is also highly
reﬂected in rates of runoff. The variation in runoff from North Granny Creek in addition to the non-impacted Tributary 5a in
2009–2011 is an excellent indicator of how the weather patterns controlled the water balance over these three years. During
‘wet’ periods, such as 2009, it is evident that both of the watersheds were experiencing higher runoff than in subsequent
years (Table 4; Fig. 4). It is also notable that the two  watersheds are experiencing runoff at different rates, as a result of
differences in their internal connectivity, channel orientation, as well as channel form, etc. (Richardson et al., 2012). These
differences were less apparent at low-ﬂows, when drainage was less dependent on the way source areas connect as they do
in wet periods (Richardson et al., 2012). The non-impacted Tributary 5a hydrograph experiences greater runoff events than
North Granny Creek. This greater runoff (at Tributary 5a) is likely an indication of less water being detained in storage. The
reduced runoff at North Granny Creek could be indicative a greater storage capacity as a result of mine dewatering, but it
could also be due to watershed characteristics. The runoff ratios (Table 5) determined for the North Granny Creek over the
three years dropped by half from 2009 to 2011, in response to drier conditions that enhance depression storage in peatlands
thus reducing surface runoff. The runoff ratios of 0.51, 0.25 and 0.30 for 2010 and 2011 were within the range of runoff
ratios found at several other peatland systems (Brown et al., 1968; Dingman, 1971; McNamara et al., 1998; Quinton, 2003;
Richardson et al., 2012; Roulet and Woo, 1988). The runoff ratios at the non-impacted tributary also experienced a large
drop between the three study years (Table 5). Given that the reference non-impacted watershed also saw large reductions in
runoff and considering the broad array of physical attributes of the different watershed systems (e.g., size, depth of incision,
connectivity to internal source areas) it cannot be conﬁrmed that the lower runoff rate in North Granny Creek was due to
the effects of mine dewatering, especially since it was only the lower ∼15% of the basin that was within the drawdown
cone at the time of the study. However, all the hydrological responses (lower water table, increased seepage loss, probable
disconnection from water source areas) in the lower part of the North Granny Creek watershed are attributes that contribute
to a reduction of runoff. In anticipation of potential reduced runoff caused by mine dewatering (Fig. 1), a pipeline connected
to the Attawapiskat River was mandated by regulators, to supplement discharge just below the outfall of the North Granny
Creek watershed, to maintain downstream ﬂows (HCI, 2003).
Deep seepage rates along the North Granny Creek transect were typically more than an order of magnitude higher
than pre-mining rates of approximately 2.6–26 mm years−1, as reported by HCI (2004a). Recently Whittington and Price
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Table  6
Components of the water balance measured between 20 May  and 31 August in 2009, 2010 and 2011. These values are based on the aerially weighed results
found  from both the North Granny Creek mine-impacted site and the various non-impacted reference sites, with the exception of runoff the values, the
values shown were measured only at the North Granny Creek site and not aerially weighted with the non-impacted site. Components include precipitation
(P),  evapotranspiration (ET), runoff (Q), deep seepage (Qd), change in storage (S), the residual value () and resulting potential error in the water balance.
2009 2010 2011
P 357 259 255
ET  −163 −213 −217
Q  −179 −72 −54
Qd −11 −25 −9
S  −26 −12 0.3
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Error −6 −25 −10
2012) determined that deep seepage losses from this landscape vary between 2.1 mm day−1 for bog/near bioherm areas
nd 0.26 mm day−1 for fen/non-bioherm areas. They determined that these measured rates match well with the modeled
ow in response to the amount of water that is being pumped out of the mine daily (Itasca, 2011). In all three years the
ogs in the impacted area lost water to recharge, with average losses as great as 4.9 mm day−1 in 2010. The fens along the
mpacted transect were losing water through deep seepage in 2010 and 2011 (Table 4; Fig. 6), albeit at a lower rate than in
ogs. The higher percolation losses from bogs may  reﬂect their higher position in the landscape (Fig. 2).
At the MS15 non-impacted site the average deep seepage rates, whether up or down, are an order of magnitude lower
han those found along the mine-impacted transect (Table 4; Fig. 6). When the deep seepage losses from the mine-impacted
orth Granny Creek transect and non-impacted MS15 site are areally weighted for bog vs. fen/open water and impacted
s. non-impacted the North Granny Creek watershed, it is only losing a total of 11, 25 and 9 mm of water for 2009, 2010
nd 2011, respectively, through deep seepage (Table 6). The rates found at the non-impacted site are consistent with what
as stated for pre-mining rates. The non-impacted site displayed deep seepage rates that are in the range of what would
e expected in a peatland. This is consistent with gradients of 0.01 found in Lake Agassiz peatlands by Siegel (1988), which
hen coupled with low hydraulic conductivities in peatlands result in low ﬂux rates. Given the similarity in the hydraulic
roperties between the North Granny Creek substrates and those at MS15, the higher percolation losses at the former are
xclusively due to depressurization of the deep aquifer which increased the downward hydraulic gradient.
When comparing the spread of the deep seepage data the mine-impacted area shows a much larger variation in the daily
ate than the MS15 non-impacted site (Fig. 6). The range of non-impacted site rates is less than 4 mm day−1, while the range
f North Granny Creek site is over 20 mm day−1 (Fig. 6). This reﬂects the relative water table stability of the non-impacted
ite as a natural system (c.f. Rochefort et al., 2012) and highlights the impact the mine dewatering is having on the vertical
uxes within the affected region. The lower water tables in the mine impacted area experience storage changes lower in the
oil proﬁle where speciﬁc yield is less. Consequently, head changes caused by water gains or losses at the impacted site are
arger, thus rendering more variable hydraulic gradients.
Due to mine operations causing enhanced deep seepage, available water storage capacity increased over the three study
ears in the mine-impacted zone, most predominately in the bedrock, but also in bog, as reﬂected in declining water levels
Fig. 3). However, over the three study seasons from 20 May  to 31 August, water storage changes were generally small, with
he exception of fen & open water (Table 4), which was an order of magnitude larger (70 mm)  than most other changes.
he decline in water tables was most notable during winter, when no surface inputs occurred (instead accumulating in
he snowpack). The decline was greatest in the bedrock, notable in bog, and slight in fen. The water table in fen is likely
ustained by drainage from adjacent bog sites, reﬂective of the role of bogs as water stores and of fens (particularly channel
ens) as conveyors of water (Quinton, 2003). Moreover, during the non-winter period these functions continue. In particular,
nowmelt and large rain events from the comparatively large up-slope catchment of fens will refresh water lost by deep
eepage, as well as from discharge from the surrounding domed bogs; whereas bogs, being fed only by direct precipitation,
ill be more susceptible to drying and typically experience greater water table drawdown in summer (Price and Maloney,
994). However, as drying continues, bog discharge could cease reducing a valuable water source to fens; therefore, fens
ill be most strongly impacted by mine dewatering, and bogs, though their position in the landscape, will continue to act
s storage units.
. Conclusions
After summing all components of the water balance there is a relatively small residual term of 6, 25 and 10% (determined
s a proportion of precipitation) for 2009, 2010 and 2011, respectively (Table 6). Three years into mine operations (i.e., by
009), the impact of mine drawdown was evident in the mine impacted region, which was 14.5% of the watershed in 2011.
recipitation was the main input into the North Granny Creek system but several outputs existed. The largest output of
ater was through evapotranspiration which is mainly driven by climate and moisture availability. Runoff also contributed
o large losses from the system but since most of the water discharged still came from the non-impacted headwaters this
umber was likely minimally affected by mine drawdown. Deep seepage was the variable of the water balance that was
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most affected by mine drawdown, this is apparent in the large magnitude in the ﬂuxes compared to the non-impacted site
and typical natural ﬂuxes. As groundwater inputs in the North Granny Creek are assumed to be minimal, the only input to the
water balance is controlled by precipitation; it is apparent that variations in seasonal weather patterns had a much greater
impact on the water balance than mine related drawdown, at least at this point of the mine’s life. The extent of the mine’s
drawdown into the North Granny Creek at the time of this study was not enough for the impacts to out-weigh the inter-
annual variations in climate. However, as mine operations continue, the cone of depression is expected to grow further into
the watershed, and so the peatlands will likely continue to experience long-term negative storage change, reduced runoff
and evapotranspiration, and increased deep seepage. These changes to the hydrology will have implications on the chemical
and biological processes that are taking place in the peatland. However, given the vast extent of the James Bay Lowland, the
effect of the mine on the regional water balance is very small.
Acknowledgements
Special thanks to the Environment Lab at the De Beers Victor Diamond Mine, notably, Brian Steinback. Thanks also goes
out to the several members of the muskeg research team. Funding for the project was  made possible by an NSERC-CRD grant
360525-07 awarded, in part, to Jonathan Price. Comments from an anonymous reviewer were also appreciated.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in the online version, at
http://dx.doi.org/10.1016/j.ejrh.2015.10.006.
References
AMEC, 2003. Civil Geotechnical Investigation, Victor Diamond Project Feasibility Study, Attawapiskat, Ontario. Geotechnical Investigation Report.
Submitted to: De Beers Canada Exploration Inc.
AMEC, 2010. Compiled Annual Subsidence and Groundwater Data up to September 30, 2009 as per Condition 4.1.5 of Permit to Take Water
#8718-7JZGMJ, Victor Mine, prepared January 29, 2010.
AMEC, 2011. Compiled Groundwater Data up to September 30, 2010 as per Condition 4.2.1 of Permit to Take Water #8718-7JZGMJ, Victor Mine, prepared
March 30, 2011.
AMEC, 2012. Compiled Groundwater Data up to September 30, 2011 as per Condition 4.1.5 of Permit to Take Water #5521-8CZSNK, Victor Mine, prepared
March  30, 2012.
Ali, K., 2013. The Role of the Tyrrell Sea Aquitard and Bioherms in the Hydrogeology of the James Bay Lowlands Under Dewatering Conditions. Thesis
(Master, Geological Sciences & Geological Engineering). Queen’s University, Kingston, pp. 260, http://hdl.handle.net/1974/7811.
Admiral, S., Laﬂeur, P., Roulet, N., 2006. Controls on latent heat ﬂux and energy partitioning at a peat bog in eastern Canada. Agric. For. Meteorol. 140,
308–321.
Bello, R., Arama, A., 1989. Rainfall interception in lichen canopies. In: Climatological Bulletin. York University, Department of Geography, North York,
Ontario, Canada.
Boelter, D.H., 1972. Preliminary results of water level control on small plots in a peat bog. In: Proc. 4th International Peat Congress, Otaniemi, pp. 347–354.
Brown, J., Dingman, S., Lewellen, R., 1968. Hydrology of a Drainage Basin on the Alaskan Coastal Plain. US Army CRREL Research Report.
Cowell, D., 1983. Karst hydrogeology within a subarctic peatland: Attawapiskat River, Hudson Bay Lowland, Canada. J. Hydrol. 61, 169–175.
DiFebo, A., 2011. On Developing and Unambiguous Peatland Classiﬁcation Using Fusion of IKONOS and LiDAR DEM Terrain Derivatives—Victor Project,
James  Bay Lowlands. MSc  Thesis. University of Waterloo, Waterloo, pp. 118 http://hdl.handle.net/10012/5962.
Dingman, S., 1971. Hydrology of Glen Creek Watershed in Central Alaska. US Army Corps of Engineers.
Drexler, J.Z., Snyder, R.L., Spano, D., Paw, U., Tha, K., 2004. A review of models and micrometeorological methods used to estimate wetland
evapotranspiration. Hydrol. Processes 18 (11), 2071–2101.
Environment Canada, 2010. Environment Canada, Canadian climate normals: 1971–2000.
Environment Canada, 2014. Environment Canada, Canadian climate normals: 1981–2010.
Glaser, P.H., Hansen, B.C.S., Siegel, D.I., Reeve, A.S., Morin, P.J., 2004a. Rates, pathways and drivers for peatland development in the Hudson Bay Lowlands,
Northern Ontario, Canada. J. Ecol., 1036–1053.
Glaser, P.H., Siegel, D.I., Reeve, A., Janssens, J., Janecky, D., 2004b. Tectonic drivers for vegetation patterning and landscape evolution in the Albany River
region of the Hudson Bay Lowlands. J. Ecol. 92, 1054–1070.
HCI, 2003. Technical Memorandum Predicted Impacts to Granny Creek Resulting from Bedrock Dewatering, Victor Project. HCI-1779, Hydrologic
Consultants Inc.
HCI, 2004. Dewatering of the Victor Diamond Project. Predicted Engineering, Cost and Environmental Factors. HCI-1779, Prepared by Hydrologic
Consultants Inc, Colorado.
HCI, 2004. Dewatering of Victor Diamond Project Predicted Engineering, Cost, and Environmental Factors. Addendum I: Update of Ground-Water Flow
Model  Utilzing New Surface-Water Chemistry and Flow Data from Nayshkootayaow River and Results of Sensitivity Analysis.
Hvorslev, J., 1951. Time lag and soil permeabiltiy in ground water observations. In: Waterways Experimental Station Bulletin 36. US Army Corps of
Engineers, Vicksburg, Mississippi.
Ingram, H.A.P., 1983. Hydrology. In: A.J.P. Gore (ed.), Ecosystems of the World 4A, Mires swamp, bog, fen and moor. Nature, 297: 67–158.
Itasca Dever Inc., 2011. Dewatering of Victor Diamond Project, March 2011 update of March 2008 Groundwater ﬂow model, Denver, Colorado.
Laﬂeur, M.,  Roulet, N., 1992. A comparison of evaporation rates from two  fens of the Hudson Bay Lowland. Aquat. Bot. 44, 56–69.
McGill, R., Tukey, J., Larsen, W.,  1978. Variations of boxplots. Am. Stat. 32, 12–16.
McNamara, J.P., Kane, D.L., Hinzman, L.D., 1998. An analysis of streamﬂow hydrology in the Kuparuk River Basin, Arctic Alaska: a nested watershed
approach. J. Hydrol. 206, 39–57.
MNR, 2012. Far north carbon science. In: M.o.N. Resources (ed.), Ontario.
MOE, 2011. Ministry of Environment, Canada, evapotranspiration Data, De Beers Victor Mine.
Murphy, M.,  Laiho, R., Moore, T.R., 2009. Effects of water table drawdown on root production and aboveground biomass in a boreal bog. Ecosystems 12
(8),  1268–1282.
Price, J.S., Maloney, D.A., 1994. Hydrology of a patterned bog–fen complex in Southeastern Labrador, Canada. Nordic Hydrol. 25, 313–330.
Price, J.S., Woo, M.K., 1988. Studies of a subarctic coastal marsh: I. Hydrology. J. Hydrol. 103, 275–292.
P
Q
R
R
R
R
R
R
S
S
S
T
V
V
W
W
WM. Leclair et al. / Journal of Hydrology: Regional Studies 4 (2015) 732–747 747
riestley, C., Taylor, R., 1972. On the assessment of surface heat ﬂux and evaporation using large-scale parameters. Mon. Weather Rev. 100, 81–92.
uinton, W.,  2003. Connectivity and storage functions of channel fen and ﬂat bogs in northern basins. Hydrol. Process. 17, 3665–3684.
amanov, V.V., 1968. Hydrology of Bogs. Israel Program for Scientiﬁc Translations, Jerusalem, 299 pp.
ichardson, M.,  Ketcheson, S., Whittington, P., Price, J., 2012. The inﬂuences of catchment geomorphology and scale on runoff generation in a northern
peatland complex. Hydrol. Process. 26 (12), 1805–1817.
iley, J., 2011. Wetlands of the Ontario Hudson Bay Lowland: A Regional Overview. Nature Conservancy of Canada, Toronto, Ontario, Canada, 156 pp.
ochefort, L., Strack, M.,  Poulin, M.,  Price, J.S., Lavoie, C., 2012. Northern peatlands. In: Batzer, D.R., Baldwin, A.H. (Eds.), Wetland Habitats of North
America: Ecology Conservation Concerns. University of California Press, Los Angeles, pp. 119–134.
oulet, N., Woo, M.,  1988. Runoff generation in a low Arctic drainage basin. J. Hydrol. 101, 213–226.
ouse, W.R., Woo, M.,  Price, J.S., 1992. Damming James Bay: I. Potential impacts on coastal climate and the water balance. Can. Geogr. 36 (1), 2–7.
iegel, D.I., 1988. Evaluating cumulative effects of disturbance on the hydrologic function of bogs, fens and mires. Environ. Manage. 12 (5), 621–626.
iegel, D.I., Reeve, A.S., Glaser, P.H., Romanowicz, E.A., 1995. Climate-driven ﬂushing of pore water in peatlands. Nature 374, 531–533.
jors, H., 1963. Bogs and Fens on Attawapiskat River, Northern Ontaio., Department of Northern Affairs and National Resources. Spence, C., Guan, X.J.,
Phillips, R., 2011. The Hydrological Functions of a Boreal Wetland. Water: 75–85.
alarico, M.,  2009. Dendrochronology and bseline characterization of Picea Mariana in the Hudson Bay Lowlands. In: BSc Thesis. Department of Biology,
Laurentian University, 39 p.
erry, E.S., 1988. Hydrology of wetlands and men’s inﬂuence on it. In: Symposium on the Hydrology of Wetlands in Temperate and Cold Regions,
Publications of the Academy of Finland, Helsinki.
erry, E.S., Boelter, D.H., 1975. The inﬂuence of bogs on the distribution of streamﬂow from small bog-upland catchments. In: In Hydrology of
Marsh-Ridden Areas. Forest Service, United States Department of Agriculture, Grand Rapids, Minnesota, USA.
hittington, P., Price, J.S., 2012. Effect of mine dewatering on peatlands of the James Bay Lowland: the role of bioherms. Hydrol. Process. 26 (12),
1818–1826.
hittington, P., Price, J.S., 2013. Effect of mine dewatering on the peatlands of the James Bay Lowland: the role of marine sediments on mitigating
peatland drainage. Hydrol. Process.
hittington, P.K., Price, S.J., Richardson, M.,  Di Febo, A., 2012. Areal differentiation of snow accumulation and melt between peatland types in the James
Bay  Lowlands. Hydrol. Process.
